INTRODUCTION
The hydroxyl radical plays an important role in the photochemistry of the troposphere. Reaction with OH provides the dominant path for removal of a variety of atmospheric species including CO, CH4, C,.H6, H,., CHsC1, CHsCCls, CHsBr, H•_S, and [Levy, 1971 [Levy, , 1972 , with O(•D) produced by photolysis of Os near 300 nm. In addition to the direct source, OH may be regenerated by a suite of reactions involving HO,_ and H,_O:. Rates for these reactions vary appreciably in both time and space reflecting fluctuations in concentrations of species such as NO, CO, Os, and H:O. A comprehensive test of photochemical models for OH would require simultaneous measurement of these and a number of other species and has yet to be performed. The concentration of OH has been measured in selected environments by a number of investigators by using a variety of techniques [Wang et. aL, 1975 Analysis of data for atmospheric CH3CC13 (1,1,1-trichloroethane, commonly called methylchloroform) may provide the best current check on photochemical models. Methylchloroform is used extensively, and in increasing quantities, as a solvent. It is released to the atmosphere at a known rate [Neely and Plonka, 1978] , and chemical industry provides the only established source. The concentration of the gas in the atmosphere has increased by more than a factor of 3 since it was first measured by Lovelock in 1972 [Lovelock, 1974] . Methylchloroform is removed from the atmosphere primarily by reaction with tropospheric OH. To the extent that the source is determined, measurements of atmospheric CHsCCls may be used to check calculations for the global distribution of OH. Preliminary studies [Singh, 1977; Lovelock, 1977] . As we shall see, rates for production of CO by automobiles and industry may be specified to within about a factor of 2. It is more difficult to quantify rates for production of CO associated with various agricultural practices. Fire is used extensively for land clearance in tropical agriculture and for maintenance of grassland in many regions of the world [Spencer, 1966; Webster and Wilson, 1967; Watters, 1971] . Rates for production of CO associated with oxidation of CHn and other hydrocarbons are uncertain, due in part to gaps in our understanding of atmospheric chemistry, in part to deficiency in our knowledge of strengths and distributions of relevant sources. It is important to obtain quantitative data on such sources, and studies of OH can play an important role.
The chemistry of tropospheric OH is complex. Hydroxyl is produced by reaction of O(•D) with H,_O
Development of a comprehensive model for tropospheric OH is hampered particularly by lack of data for NO and NO:. In the absence of such information we must rely on data for Table 1 summarizes kinetic data for reactions important in the chemistry of the troposphere. Absorption cross sections for ozone are well determined [Griggs, 1968] The concentration of OH depends critically on rates for reactions (3) and (4). The rate constam for reaction with CO (reaction (3)) at 1 bar of air is about a factor of 2 larger than the value in the limit of low pressure [Biermann et aL, 1978] . The pressure effect was unexpected, and there may be other reactions of importance in tropospheric chemistry whose rate constams could have as yet unknown, although significant, variations with pressure and temperature. For example, the kinetics of reaction (8), the source for H,_O,_, are presently not well de- The rate constant for (17) is similar to that for the analogous reaction (7) (see Table 1 ). Work by Cox and Tyndall [1980] suggests that kl8 may be comparable to kl7 and that the reaction could have a negative activation energy similar to that exhibited by (8). The rate for (18) is independent of water vapor concentration, although the CH302 radical appears to form a complex with H20 [Kan and Calvert, 1979] . The rate constant for (19) is considerably smaller than values reported for (17) and (18) [Parkes, 1977] . It would appear that reactions (17) and (18) should represent major paths for removal of CH302 in the troposphere (see Figure 16 ).
The yield of CO from oxidation of methane could be less than unity if significant quantities of stable intermediates (e.g., CH3OOH or CH20 were removed heterogeneously. Hydroperoxides undergo acid-catalyzed and sometimes basecatalyzed decomposition [Hiatt, 1971] . Consequently, CH3OOH might be destroyed by reactions on aerosols or in droplets. Likely decomposition products include formaldehyde and perhaps methanol [Niki et al., 1978a] . These products could be removed by rain, but they could be vaporized also from the aerosol surface and oxidized in the atmosphere to CO (see also Append'• 1).
Photolysis of CH20 is more rapid than that of CH3OOH [Bass et al., 1980; Molina and Arguello, 1979] . Heterogeneous reactions are consequently less important for CH20 than for CH3OOH. The low concentrations of CH20 measured in aerosols and rainwater Warneck, 1978, 1980 Rainout of CH3OOH and CH20 was parameterized in the likely to represent a source for odd H if NO were abundant. It present model according to the loss profile given in Table 1 . Mean rates for heterogenous removal were chosen to be consistent with observations of species such as 21øpb and 21øPo formed from decay of 222Rn [Junge, 1963; Moore et al., 1973] .
The yield of CO from methane oxidation calculated in this manner is 78%. The yield is lowered to 50% if we assume efficient loss of CH3OOH on aerosols (see Appendix 1). The maximum rate for heterogeneous loss of CHaOOH is controlled by (17) and (18). At most, 56% of the global methane could introduce a sink of comparable magnitude if NO were low. The source of odd H is dominated however by (2) over most of the troposphere with methane reactions accounting for approximately 20% of the net sink. Photolysis of CH20 is the major source of odd H in the upper troposphere (~ 10 km).
The chemistry of odd H may be simplified if we neglect the influence of methane oxidation and assume that the concentration of NO is less than 200 ppt. Loss of odd hydrogen under these conditions proceeds mainly by reaction of OH with flux could be removed heterogeneously with concentrations of H202 and by heterogeneous removal of H202. The concentra-NO adopted below. tion of HO2 is given by 
for odd H, depending on relative rates for ( 
The second and third terms in the numerator of (21) reflect reactions that generate OH by cycling odd hydrogen. Reaction (9) can provide a source for OH in the upper troposphere comparable to production by (2). As we shall see, production of OH in lower regions of the tropical troposphere occurs mainly by (2) with smaller contributions from (6), (7), and (9). Contributions from (6) and (7) grow in importance with latitude reflecting an increase in concentrations of NO and 03, together with a decrease in insolation and in concentrations of H20 (see Figure 15) [Hering and Borden, 1964 , 1975 ; ChaOSeld and Harrison, ter. cal sources of pollution. The seasonal variation of •4CO has Inference regarding the magnitude of the net sink for CO is been measured in Europe, and there, also a minimum was relatively insensitive to uncertainties in concentrations asobserved in summer [Volz et al., 1981] . Further data will be sumed for CO. Calculated concentrations of OH and CO tend required to identify and quantify seasonal or other temporal to be inversely related since reaction with CO represents the variability in CO. It appears that the global budgets for CH4 major sink for tropospheric OH. and CH3CCI3 are insensitive to possible seasonal variations in The latitudinal distribution of CH4 was derived from mea-CO (see Table 7 [1978], Heidt and Ehhalt [1980] , and Heidt et al. [1980] . Mixing ratios for CH4 were taken as 1.7 and 1.6 ppmv for the northem and southern hemispheres, respectively. The mixing ratio of H: was taken as 0.55 ppmv [Schmidt, 1978] .
The largest uncertainty in our model of tropospheric chemistry may be attributed to lack of data for NO and NO:. Infor- [Spicer, 1977] . The data from Colorado and Wyoming suggest that concentrations of NO near the ground at clean continental sites should lie in the range 20-100 ppt.
We expect sources of NO in the marine environment to be much smaller than those over land. The anthropogenic influence is minimal, and rates for emission of fixed nitrogen are small [Zafiriou and True, 1979, Tsunogai, 1971 Table 1 Rates for production and loss of odd hydrogen and odd oxygen, averaged over a 24-hour day, are shown in Figure 17 . Loss of odd oxygen is most important in the boundary layer below 2 km, while production of odd oxygen is distributed throughout the troposphere. As discussed earlier, the balance between photochemical sources and sinks for O3 is regulated by NO. In situ chemistry (i.e., the net balance of local sources and sinks) provides net global production for O3 of magnitude 8 x 10 lø molecules cm -2 s -l. Rates for production and loss of odd oxygen are nearly equal in the northern hemisphere, both at mid-latitudes and in the tropics, as shown in Table 5 Earlier studies suggested that OH should be lower on average in the northern hemisphere than in the southern hemisphere, due to the higher levels of CO in the north [Wofsy, 1976; Sze, 1977] . In the present model, however, ozone concentrations are taken to be larger in the northern hemisphere than in the south. This asymmetry leads to enhanced production of HOx in the north offsetting effects of elevated CO. Thus OH is (some- Odd oxygen is defined as ( Table 4 and Appendix compartments, and it was assumed that concentrations of (NO + NO2) over oceans and continents were given by curves Table  1 ). The rainout rate corresponds to an effective tropospheric lifetime of about 10 days. Curve C l: Aerosol loss of H•_O•_ is included, using the parameterization given in Table 1 Tables 1 and 4 and the cloud model is described in Table A2 . Results are shown for equinoctial conditions. Calculations used the standard model of Table 4 with the exception of the parameters given above.
[ Exchange rates in Table 6 Table 7 gives estimates for the effect of uncertainties in concentrations of CO, 03, H20, and NO, on globally averaged rates for removal of CH3CCI> Concentrations of NO in the standard model are sufficiently low that reaction(7), which cy- Table 6 ) and for the standard model of Table 4 . These calmultiplied by 0.5
while the dotted curves are for OH concentrations culations adopt the NOx concentrations of model A, Figure 12 (asmultiplied by 2. The dot-dash curves show results for an infinite trop-sumed to be representative of marine air). ospheric lifetime for CH3CCI3 (OH concentration --0).
tions. It is difficult, however, as is discussed in Appendix 1, to envision a mechanism by which aerosols would efficiently destroy peroxide in the remote troposphere. Table 4 As was noted earlier, the CO content of the northern hemisphere is significantly larger than that of the southern hemisphere, 2.9 x 108 tons as compared to 1.7 x 108 tons. Exchange of air between hemispheres should lead to net transfer of CO from north to south. We estimate, using rates for mass exchange given in Table 6 The source of CO due to combustion of fossil fuel could be comparable to that from oxidation of CH4. Combustion gave rise to a source of CO2 of magnitude 4.6 x109 tons C in 1976 [ United Nations, 1978a]. The source was divided more or less equally between North America, Europe, and the rest of the world. Liquid fuel accounted for 44% of the net source of CO2; solid fuel and natural gas represented 41% and 15%, respectively, as summarized in Table 9 .
Use patterns for various forms of fossil fuel are displayed for the United States and Europe in Table 10 . Emission factors, defined as the amount of CO produced per unit of fuel consumed, are given in Table 11, while Table 12 Table 13 . North America consumes 2.5 times as much gasoline as Europe. The similarity of CO source strengths given for the two continents in Table 13 reflects a view that emission control measures are more effective in North America. The data on which this conclusion is based are summarized in These estimates are derived from the statistics for fossil fuel consumption, fuel use patterns, and emission factors, given in Tables 9, 10 , 11, 12, and 14. Emission factors for the United States were used except for two categories. Residential use of coal is discussed in the text. For the transportation source of CO, we used the emission factors derived in Table 14 economy (km l-l Table 15 .
It appears that the fraction of the total agricultural population using these techniques is largest for Africa. We assume for present purposes that the number of people involved in shifting cultivation in Africa, Latin America, and Asia are 1.5 x 108, 2 x 107, and 5 x 107, respectively. Our analysis suggests that the total area of cropland cleared annually in tropical forests could be as large as 2.4 x 10 • m 2, with perhaps an additional 1.6 x 10 • m 2 obtained from clearing of woodland and savanna in Africa (see Table 16 ).
Burning of savanna to maintain grassland for grazing involves large areas, perhaps half that shown for total pasture in Table 17 Oxidation of isoprene should lead to production of at least Fuel loading is the amount of dry matter per unit area that is consumed by fire. Dry matter is taken to be 45% carbon. All categories except wood fuel assumed a CO emission factor of 100 kg CO per ton of fuel. For wood fuel a value of 60 kg CO per ton of wood was used.
•Persson [1974] gives the total area of the world's forests as 2.8 x 1013 m s. We assumed that 0.4% of this area is affected by forest wildfires annually, and we used Yamate's [1974] Areas Huie, 1977, 1978] show significant production of formaldehyde and other carbonyl compounds, and there is reason to believe that these species should be formed during photodecomposition of isoprene. It is probable that at least two molecules of CO should be produced during oxidation of isoprene even at very low ambient concentrations of NO, with uncertainty imposed largely by lack of knowledge of the possible role of heterogeneous chemistry for reactive intermediates.
Formation of particulate material may play an important role in the photodecomposition of terpenes such as a-pinene, fl-pinene, 3-carene, and limonene [Went, 1960; Schuetzle and Rasmussen, 1978; Graedel, 1979] . These compounds are observed in forest environments with concentrations as high as 1 ppb [Holdren et al., 1979] . It is difficult to make a reliable estimate for production of CO due to oxidation of isoprene and other terpenes. The difficulty may be attributed to uncertainties in the atmospheric photochemistry of these species and lack of global data for the magnitude of the relevant biospheric source. We assumed for purposes of Table 8 a source for isoprene of magnitude 4 x 108 tons yr -1, with a similar source for other reactive hydrocarbons, and we adopted a yield of two molecules of CO per hydrocarbon precursor. The source strength for CO obtained in this manner could be uncertain to at least a factor of 5. The upper limit for the corresponding source in Table 8 was obtained by imposing a constraint that production from all processes should not exceed Table  8 suggests that the hemispheric and global budgets of CO would be balanced if we were to assume sources of CO from oxidation of hydrocarbons equal to 7.9 x108 and 4.6 x 108 tons CO yr -• in the northern and southern hemispheres, respectively. A bias in favor of the northern hemisphere would not be unreasonable in that 67% of the total land area of the earth is located in the northern hemisphere, with similar concentration of the land-based biosphere. The accuracy of various data in Table 8 , in particular the interhemispheric distribution of the photochemical sink and the source from fossil fuel, however, is probably insufficient to justify such fine tuning of estimates for other components of the budget. It is clear that atmospheric considerations may be used to place valuable constraints on the magnitude of otherwise uncertain contributions to CO and that theyjmay be employed to refine our understanding of the role of the biosphere.
A number of other gases are removed primarily by reaction with OH. A summary of computed rates for removal of CH4, H:, C:H6, CHaC1, and CHaBr is given in Table 18 , which includes data and assumptions made regarding abundances and distributions of these species.
DISCUSSION
Concentrations of OH obtained here are similar to those derived almost a decade ago by Levy [1971] and McConnell et al. [1971] . However, models for the troposphere have evolved considerably in the interim. Recent progress may be attributed to refinement in our understanding of rates for certain key reactions and to advances in instrumentation allowing measurement of a number of important tropospheric gases, notably NO. It is clear that the rate at which CO is oxidized by OH is sensitive to pressure [Bierman, 1978] . It appears that reaction of OH with H:O: is the major mechanism for removal of odd hydrogen. Previously, this rate was thought to be slow throughout the troposphere. The rate constant for reaction of NO with HO: is 40 times larger than values used in models prior to 1976 [Howard, 1979] . The faster rate for (7) ensures more efficient cycling of OH from HO:, maintaining a higher concentration of OH for any given concentration of NO. The impact of the change in rate for (7) Analysis of CH3CC13 in the present study involves comparison of observed and computed concentrations for the gas. conditions (cloudiness, moisture, etc.) . the loss in the northern hemisphere. Loss of CO due to uptake by soil could provide additional removal of about 2.5 x 108 tons CO yr -1, of which 80% might be expected in the northern hemisphere. We concluded that production of CO in the northern hemisphere should exceed production in the southern hemisphere by 1.0 x109 tons CO yr -1. Burning of fossil fuel accounts for part of the excess. There must be additional sources biased in favor of the northern hemisphere. These sources are attributed tentatively to oxidation of isoprene and other volatile biospheric hydrocarbons. Our budget for CO implies that approximately 60% of the global source is natural (biospheric hydrocarbons, wild fires, methane), while the remainder (fossil and wood fuels, agricultural burning) is directly or indirectly under the influence of man. If OH were a factor of 2 smaller than obtained here, as suggested by analysis of the budget for CH3CCI3, the estimates in Table 8 for CO sources from natural hydrocarbons and from biomass burning would be correspondingly reduced. In this case, 60% of the global source for CO would be attributed to human activities.
The distribution of odd nitrogen in clean air is an important component of current models for tropospheric photochemistry. We used calculated values for OH and observed distributions for HNO3 to derive profiles for (NO + NO2) consistent with the few available observations of these species in clean air. Concentrations derived for (NO + NO2) are directly proportional to an uncertain parameter, the rate for heterogeneous loss of HNO3. Loss rates adopted here correspond to a mean lifetime of 10 days for HNO3, somewhat shorter than the lifetime implied by a recent study using a general circula- Table 1. It seems reasonable to assume that the physical properties of aerosols should be similar to those of liquid water droplets or of solid particles coated with liquid water [cf. Ho et al., 1974] . In this case, partitioning of ambient H•O• between gas and aerosol phases may be estimated from solubility data for H•O2 in water [Scatchard et al., 1952] . We find at equilibrium that the fraction of peroxide molecules contained in or on aerosols should be quite small, about 5-30 x 10 -6 for the marine boundary layer or upper troposphere. Furthermore, the time required to achieve equilibrium should be less than 10 s. [Warneck, 1974] . In this case, OH concentrations would be reduced slightly (1-5%). It is possible, however, that aerosols could play an important role in removal of peroxides (including HO:) from the polluted atmosphere, and in clouds these species would be significantly depleted by solution in liquid droplets.
APPENDIX 2. MODEL DESCRIPTION
The photochemical model discussed here is similar to the stratospheric model described by Wofsy [1978] and Logan et al. [1978] . Numerical methods are the same as those of the earlier work. Distributions for the long-lived gases (H:O, 03, CO, CH4, and H:) are prescribed as functions of latitude and season using observational data (see Table 4 [Prather, 1974] was used to solve for the intensity of radiation at three quadrature angles. The angular distribution of light scattered by air molecules was approximated by Rayleigh's phase function.
The influence of wavelength resolution was examined by carrying out calculations for wavelength intervals of 10 /•. Rates for important photolytic processes, for example production of O(1D), changed by less than 2%. We conclude that negligible error is introduced by averaging solar flux and absorption cross sections over the wavelength intervals adopted here. Table A2 gives a summary of parameters used to calculate the radiation field for global-average conditions. The standard model incorporates absorption and scattering by molecules and absorption due to aerosols (curve A in Figure 31 ). Scattering by aerosols is neglected.
